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1) the action of X-radiation on deoxyribonucleic 

acid (DNA) synthesis was shown to result in a dose-dependent depression 
\ 

of rate, as measured by incorporation of tritium-labeled thymidine (H'TdR) . 
!The dose-response curve consisted of two components, one showing a very 

steep slope, the other a much shallower one. In those studies incorpo- 

ration of the tracer material was allowed to occur for 5 to 6 hours, so 

that not on ly  cells in the process of DNA synthesis (S period) at the time 

of irradiation incorporated the tracer, but a l s o  those cells in the pre- 

DNA synthesis (G1) phase during the irradiation that entered S during the 

tracer incubation. 

incubations w i t h  tracers were used, so that predominantly S cells were 

In most of the studies to be reported here, one hour 

labeled, and the contribution from cells in $ can be ignored. 

Among these experiments are ones in which the analogue of thymidine, 

bromuracil deoxyriboside (BUdR), was incorporated into the DNA of the cells 

before the irradiation. The results of this treatment have suggested an 

interpretation of the dose-dependent depression of DNA synthesis rate by 

X-radiation and also permitted us to put forth a hypothesis concerning 

the sub-chromosomal organization of DNA. 
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METHODS AND MATERIALS 

Two kinds of c e l l  cu l ture  were used i n  these s tudies ,  HeLa S3 and 

the  Chinese hamster l i ne ,  DFAF-33, kindly furnished t o  us  by D r .  George 

Yerganian. The HeLa S3 cul ture  was cultured rout ine ly  i n  Eagle's medium 

and t ransfer red  weekly; t he  DFAF-33 w a s  cul tured e i t h e r  i n  Eagle 's  o r  i n  

the  HtJ-15 medium of Elkind (2) ,  and t ransfer red  twice a week. For experi-  

ments, HeLa S3 c e l l s  were t ransferred,  i n  Eagle 's  medium, at about 2 4 x 1 0  4 

cells/&, i n t o  any of 3 di f fe ren t  kinds of cu l ture  vessels: 

(5ml/flask), Leighton tubes (lml/flask),  o r  square centr i fbgable  f l a sks  

T-30 f l a sks  

(Bellco Glass, Vineland, N. J., 3ml/flask). ,DFAF-33 cel ls  f o r  experi- 

ments were always t ransfer red  ahto Eagle 's  medium, using the  same ar ray  

of cu l ture  vessels :  

varied from 3 t o  5 days; f o r  DFAF-33 they were 2 o r  3 days. 

experiments, the  media were changed on the  second day; i n  5 day experi- 

ments they were changed on the  t h i r d  day. 

Incubations of HeLa S3 p r i o r  t o  the  i r r ad ia t ions  

I n  3 day 

I r r ad ia t ions  were performed with two d i f f e ren t  units. The first, used 

i n  the  e a r l i e r  experiments, was a kma, 250 KVP un i t s ,  with no external  

f i l t e r i n g ;  the  dose rate was 100r/minute. The other  was a 2Oma, 300 KVP 

un i t ,  a l so  operated without external  f i l t e r i n g ;  t he  dose r a t e ,  measured i 
I 
I i n s ide  a t i s s u e  cu l ture  vessel ,  was from 200-300r/minute, depending on t h e  

number of cu l tures  i r rad ia ted .  

tu rn tab le ,  under conditions of minimal s c a t t e r ,  at room temperature. 

All i r r ad ia t ions  took place on a ro t a t ing  

Immediately a f t e r  i r rad ia t ion ,  the  cu l tures ,  including the  sham- ' 

i r r ad ia t ed  controls ,  were returned t o  the  laboratory,  t he  media on them I 
I 

I 

I 
i 
1 removed, and Eagle 's  medium containing the  t r a c e r  added. The t r a c e r  used 

i 

I E?? 
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i n  most of the work was H3TdR, at lpc/ml'but the  t o t a l  thymidine of t he  

medium was changed according t o  experimental requirements, by t h e  ad- 

d i t i o n  of unlabeled thymidine. 

and C-'$guanine ( C  14  G )  a t  3mc/m~ were a l s o  used at various t i m e s .  

compounds were obtained from New England Nuclear Corporation. 

37' incubation period (generally one hour with exceptions as indicated 

later) ,  t he  medium was rapidly removed from all cul tures ,  and the  c e l l s  

processed t o  determine the  spec i f ic  a c t i v i t y  of DNA. 

Tritium-labeled ur id ine  ( H h )  at lc/mM 

AIJ 

After  the  

Three d i f fe ren t  methods f o r  DNA ex t rac t ion  were used. One method, 

previously described by us  (1) was essen t i a l ly  t h a t  of Ogur and Rosen (3) 

using perchlor ic  acid (PCA) t o  hydrolyze both RNA and DNA. 

t he  Schmidt-Thannhauser method (4), using overnight incubation with 1 N  

The second w a s  

NaOH a t  37' t o  hydrolyze RNA and PCA a t  70°C f o r  1 hour t o  re lease  DNA. 

The t h i r d  was an adaptation of t h e  method of Scot t ,  e t  al. ( 5 ) ,  which uses 

1N NaOH f o r  one hour a t  room temperature t o  obtain RNA hydrolysis with 

PCA at 6ooc f o r  only 7 minutes t o  obtain the DNA fract ion.  A l l  methods 

gave qua l i t a t ive ly  the  same r e s u l t s  but  the  l a t t e r  method gave the  bes t  

reproducibi l i ty ,  i.e., the  lowest v a r i a b i l i t y  among s imi la r ly  t r ea t ed  

cul tures .  

t h e  op t i ca l  densi ty  of the  DNA f r ac t ion  at  267mp.1, using a Beckman DU 

Spectrophotometer and semi-micro (volume about 1.5ml) cuvet tes  (Fyrocell  

Corp., N.  Y. ). 

dissolving 0.5 o r  1.0 m l  of the sample i n  10 o r  15  m l  of counting solut ion 

( l3g  PPO, O.25g POPOP and 130g Naphthalene i n  a mixture of 1 l i t e r  toluene, 

In  d l  cases the  DNA of each f l a s k  w a s  estimated by reading 

The rad ioac t iv i ty  of t h e  f r ac t ions  was determined by 

1 l i t e r  dioxane and 600 ml ethanol),  and counting i n  a Packard T r i  Carb 

.. . 
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Liquid S c i n t i l l a t i o n  Spectrometer. When H3 and were i n  t h e  same 

samples, t he  efficiency of each isotope f o r  each channel was determined 

using H-and C -toluene standards and the  separate contr ibut ions of each 
3 14 

isotope t o  the  f i n a l  counts calculated by means of simultaneous equations 

(1) * 

In experiments with bromuracil deoxyriboside (BUdR) , experimental 

cu l tures  were s e t  up as usual; t h ree  days l a t e r  the medium of one-half 

of the  cu l ture  tubes 

ta in ing  5pg/ml BUdR (1.6~lO-~M), and t h e  medium of t h e  other  one-half of 

was removed and replaced with Eagle 's  medium con- 

the  tubes was replaced with Eagle's containing an equimolar amount of 

thymidine (4pg/ml). After t w o  addi t iona l  days incubation, these  media 

were removed, the  c e l l s  washed. once with Hank's balanced salt solut ion 

(HBSS), and HBSS w a s  added t o  the  f l a sks  and gassed with 57&@, 95$ a i r  

mixture. The f l a s k s  were then i r r ad ia t ed ,  returned immediately t o  t he  

laboratory,  t he  HBSS removed from them and replaced with Eagle 's  medium 

containing the  radiosotope( s ) .  

RESULTS 

The results of 14 experiments using 1pc/ml H 3 TdR as the  t r a c e r  f o r  

DNA synthesis  i n  HeLa S3 c e l l s  are p lo t ted  i n  Figure 1. 

of thymidine var ied from 1 . 5 ~ l . O - ~  t o  ~ x ~ O - ~ M ,  i .e . ,  the spec i f i c  a c t i v i t y  

The concentration 

of the  H3TdR i n  these experiments var ied from 24mc/m~ t o  6700mc/m~. 

i s  no consis tent  e f f e c t  of spec i f ic  a c t i v i t y .  

evident from t h e  s c a t t e r  i s  much more tne  r e s u l t  of dose-response d i f f e r -  

ences between experiments than from heterogeneity within an experiment. 

The maximum and minimum t o t a l  inh ib i t ions  a r e  p lo t ted  by extrapolat ion t o  

There 

The v a r i a b i l i t y  t h a t  i s  
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zero dose it appears t h a t  the f r ac t ion  of t h e  t o t a l  inh ib i t ion  due t o  

the  s teep  component varies between roughly 25 and 55 per cent.  Two 

experiments with DFAF-33, shown i n  Figure 2, emonstrate a similar var  

abil i ty,which i s  comparable t o  t h a t  reported by Lajtha,  -- e t  al f o r  bone 

14 marrow i n  cu l ture  (6). Results with low spec i f i c  a c t i v i t y  C -guanine at 

lOpg/ml, used i n  double-labeling experiments with H3TdR, are p r a c t i c a l l y  

iden t i ca l  with those obtained with H’TdR, and assure t h a t  t he  s teep  

component i s  not due t o  a release of pool materials t h a t  compete with 

t r a c e r  f o r  s i t e s  i n  DNA. 

The Do of t h e  shallow component of t he  curve va r i e s  as much as two- - 
fo ld  i f  values of individual’experiments a re  p lo t ted .  

of values from about 1.8 t o  4x10 r a f f e c t s  the  estimated s i ze  of t he  

hypothet ical  t a r g e t  only by approximately two. 

it i s  r a the r  d i f f i c u l t  t o  measure exact ly  t h e  average Do of t h e  s teep  

component, it i s  s o  small, cer ta in ly  less than 5 O O r ,  t h a t  the  r e su l t i ng  

t a r g e t  volume must be very large.  

However, t h e  range 

4 

On t h e  other  hand, although 

The apparent extent  of depression of DNA synthesis  by X-radiation 

increases  as a f’unction of time of incubation with t r ace r .  This i s  i l lus-  , 

t r a t e d  Table I and i s  s imilar  t o  the  results reported previously (1). 

This observation ind ica tes  t h a t  c e l l s  t h a t  are i n  t h e  % compartment dur- 

ing i r r a d i a t i o n  and e n t e r  the S period during t h e  next 3 t o  4 hours a re  

affected roughly t h e  same, i n  terms of rate of DNA synthesis,  as c e l l s  

i n  S at t h e  time of i r rad ia t ion .  

A t y p i c a l  result of the e f f e c t  of BUdR incorporated i n t o  DNA on the  

dose-response of DNA synthesis i s  shown i n  Figure 3; t he  dose-response 
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curve shows an increased incorporation of isotope i n t o  DNA over control  

values a t  low doses, followed by a dose-response p rac t i ca l ly  iden t i ca l  

t o  t h a t  observed with thymidine-grown c e l l s .  I n  order t o  f u r t h e r  

e s t ab l i sh  the  r e a l i t y  of t h i s  difference,  an experiment was performed 

using 5 r ep l i ca t e  f l a sks  pe r  treatment, with cont ro ls  and only two low 

doses, 52 and 162r. 

s l i g h t l y  but s ign i f icant ly  depressed the  incorporation i n t o  DNA of 

thymidine-grown c e l l s ,  but  had no e f f ec t  on the  BUdR grown c e l l s .  It i s  

important t o  note t h a t  the e f f ec t  of BUdR i n  sham-control cu l tures  i s  t o  

very markedly decrease the r a t e  of DNA synthesis.  The enhanced incorpo- 

r a t ion  of H TdR i n t o  DNA by low doses of X-radiation occurred i n  about 

The r e s u l t s  (TablP T I )  show t h a t  these small doses 

3 

one-half the  experiments and, i n  every instance except one (among 10 

experiments), t he  e f f e c t  of BUdR was t o  decrease t h e  extent  of depression 

of incorporation by small doses. 

r a t ion  under any other  circumstances. 

We have never observed enhanced incorpo- 

A t  h igher  doses the  r e s u l t s  paral-  

l e l e d  those of normally grown o r  thymidine-grown c e l l s  so t h a t  there  i s  

no apparent e f f e c t  on the  second component of t he  dose response. . I t  i s  

possible t h a t  a subt le  e f fec t  e x i s t s  i n  t h i s  area, but  i f  so, it i s  hidden 

i n  the  v a r i a b i l i t y  of t he  response. 

DISCUSSION 

The two component dose-response curve i s  similar t o  those reported by 

Lajtha and co-workers f o r  bone marrow i n  cu l ture  (6) ,  f o r  bone marrow and 

a s c i t e s  tumor c e l l s  by Jasinska and Michalowski (7), and f o r  rat thymus by 

Ord and Stocken (8). A number of theor ies  have been proposed t o  explain 

these  r e su l t s .  In  thymus, Ord and Stocken a t t r i b u t e  the  s teep  f a l l  
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(corresponding t o  t h e  steep or  "S1" component of the  two  p a r t  curve) t o  

inh ib i t ion  of nuclear phosphorylation, bu t  t h i s  explanation, even i f  it 

were a general one (which it appears not t o  be),  s t i l l  does not explain 

the  s i t e  of the  damage. 

( 6 ) ,  t h i s  seems highly unl ikely i n  terms of t a r g e t  theory, which would 

ind ica te  t h a t  t he  molecular weight of t he  hypothet ical  enzyme would be 

Although damage t o  an enzyme has been suggested 

i n  the  order of 10 9 , c lear ly  much g rea t e r  than molecular weights of 

known enzymes. 

O u r  r e s u l t s  with BUdR lead us t o  an a l t e rna t ive  explanation. This 

competitor of thymidine for  DNA thymine sites depresses the  rate of DNA 

synthesis,  and since it i s  no longer ava i lab le  f o r  incorporation from 

the  medium at  t h e  time of  t h i s  inh ib i t ion ,  it i s  the  BUdR i n  the  DNA, 

and presumably i n  those areas ac t ing  as templates f o r  new synthesis,  

t h a t  contr ibutes  t o  t h i s  ra te  depression. A s m a l l  dose of X-radiation, 

i n  many instances,  p a r t i a l l y  reverses t h i s  inh ib i t ion .  'We propose t h a t  

the incorporated BUdR d i s t o r t s  the  organization of a la rge  organized 
I 

component of t h e  DNA rep l ica t ing  system that i s  necessary t o  maintain t h e  

maximal rate of repl icat ion of DNA. The s i ze  of t h i s  i s  estimated t o  be 

i n  the  order of lo9 - lo1', since a s m a l l  dose ( 500r) of x-rays can 

a f f ec t  it. The e f f ec t  of a s ing le  h i t  on the  BUdR-substituted DNA i s  t o  

sometimes make a new s i t e  avai lable  f o r  synthesis  so t h a t  a s t imulat ion 

of r a t e  may be observed. 

the  disorganization of t h i s  "super molecule", and so l a rge r  doses: r e s u l t  

i n  depression of r a t e .  

On the  whole, however, the e f f ec t  i s  t o  fu r the r  

XEROl - rn-"  
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The'concept of very high molecular weight DNA i s  not new. The 

work of Davison (g), showing the e f f e c t s  of shear on molecular weight 

determinations, has stimulated a grea t  dea l  of recent work i n  t h i s  area. 

I n  general, the  concept has evolved t h a t  the  molecular weight of nat ive 

DNA i s  very much l a rge r  than the of ten  quoted 1-8x10 6 found i n  t h e  older  

l i t e r a t u r e .  

(ll), have l e d  t o  the  concept t h a t  all the  DNA i n  a bacterium l i k e  

The researches of Cairns (10) and of Kleinsdmidt ,  e t  al 

Escherichia - c o l i  (a t  l e a s t  a l l  t he  DNA i n  one nucleus the re in )  i s  i n  the  

form of a s ingle  la rge  molecule. 

t h i s  DNA i s  of t he  order of 10 . 
In te res t ing ly ,  the  molecular weight of 

9 

According t o  Lee and Puck (12), t he  average content of DNA of the 

HeLa c e l l  i s  17 picograms, o r  a t o t a l  molecular weight of DNA per  c e l l  

of about 10 . 
average) chromosomes. 

roughly 1/100th of t he  t o t a l  DNA of the c e l l ,  i t s  t o t a l  DNA would be 

about 10 . 

13 This i s  d is t r ibu ted ,  probably unequally, among 78 (on the  

Taking one of t h e  smaller chromosomes t o  contain 

11 The t a rge t  estimate of t he  la rge  molecule of DNA involved 

9 i n  regulat ing r a t e  of DNA synthesis  i s - 1 0  . t o  lolo, so the  chromosome 

would contain 10 t o  100 of these components. That chromosomes do contain 

several  " rep l ica t ing  uni ts"  i s  borne out by autoradiographic s tud ies  t h a t  

have shown DNA synthesis  occurring simultaneously a t  two o r  more s i t e s  i n  

a chromosome, while other  pa r t s  of it show no evidence o f  r ep l i ca t ion  (13, 

14, 15) .  

Even i f  t h e  i n t e g r i t y  o f t h i s  l a rge  u n i t  i s  completely destroyed (as 

by inac t iva t ion  with X-rays) DNA synthesis  continues, but a t  a consider- 

ably diminished rate (shallow component), and only very l a rge  doses of 

XERO I XCRO I COPY r o r ' Y  ' X E R O /  
COD' - ------ -___ ~ ~ _ _ .  



-9- 

radiat ion,  capable of inact ivat ing t h a t  DNA ac t ing  as a "template", can 

s igni f icant ly  depress the  ra te  fur ther .  These da t a  ind ica te  t h a t  DNA 

of molecular weight of about 10 7 i s  "activated" f o r  rep l ica t ion  a t  any 

one time. 

Our in t e rp re t a t ion  i s  strengthened by t h e  r e s u l t s  of Lehnert and 

Okada (16), who have shown tha t  an e f f e c t  of X-radiation on DNA synthesis  

r a t e  i n  nuc le i  of regenerating rat l i v e r  can be observed as long as ' 

protein i s  s t i l l  i n  association with DNA, bu t  no e f f ec t  i s  found with 

pur i f ied  DNA alone. 

of ionizing radiat ion,  up t o  10,00Or, on the  r a t e  of DNA synthesis  i n  a 

Walwick and Main (17), have also reported no e f f e c t  

ce l l - f r ee  system using purif ied DNA as primer. 

point out t he  l imi t a t ions  of i n  v i t r o  biochemical methods, wherein 

maximum mixing of components and completely unorganized systems are used, 

as a means f o r  determining e f f ec t s  on the  highly ordered s t a t e  of sub- 

c e l l u l a r  organization. It i s  probable t h a t  when purif ied "primer" DNA 

i s  used i n  i n  v i t r o  reactions it i s  a t  a much lower molecular weight than 

These kinds of s tud ies  

-- 

-- 
. i n  t he  c e l l .  Moreover, it i s  removed from r e s t r i c t i o n s  on i t s  react ion 

probabi l i ty  by being f r e e  of protein,  now grea t ly  implicated i n  the  

function of DNA as a template f o r  RNA (pa r t i cu la r ly  ''messenger" RNA) 

synthesis (18, 19, 20). 

cannot reduce the  efficiency of DNA as a primer under these conditions 

where there  i s  a t  all times a maximum l ikel ihood of i t s  in t e rac t ion  with 

the  enzyme and precursors.  

i s  primarily t o  reduce the  s ize  of t he  primer un i t ,  it could conceivably 

take enough rad ia t ion  t o  reduce the  average molecular weight t o  

It i s  not surpr is ing t h a t  ionizing rad ia t ion  

Indeed, i f  t h e  ac t ion  of ionizing rad ia t ion  



-10- 

somewhere less than 10,000, which is the molecular weight of yeast lactic 

dehyrogenase-associated DNA (21, 22), shown to act as a primer for in 

vitro DNA replication (23). 

- 

XERO' ,̂. - ., 
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TABU I ' 

EFFECT OF POST-IRRADIATION INCUBATION TIME ON "E 

RADIATION-DEPRESSED INCORPORATION OF H ~ Y R  INTO DNA 

Specific Act iv i ty  cpm/pg DNA 

Experiment T 1 Hour k 3 o r  4 Houl-n $ 
Incubation Depression Number - Dose Incubation Depression 

1 
0 

100 
800 

377 
342 
295 

9 
22 

logo 
808 
602 

- 
26 
45 

2 
0 

500 
5000 

332 
274 
177 

- 
17 
47 

1062 
6 34 
346 

42 
68 

* Incubation time f o l l o d n g  i r r ad ia t ion  i n  Experiment 1 w a s  4 hours; i n  

Experiment 2 it was 3 'hours. 

XEROI 
cn-"' - 1 XERO r7-y 



TAEaE I1 

EFFECT OF LOW DOSES OF X-RADIATION ON UPTAKE OF TRITIAW 

THyMIl>INE INTO DNA OF THYMIDINE-GROWN CELLS AND 

BROMURACIL DEOXYRIBOSDE-GROWN CELLS 

, 
Spa Act. 
of TdR- k 

Dose( r) Grown Cells Change 
+ 
+ 
f 

o ( control ) ll.12-44 - 

-10.6* 
-12 - 'I 52 1008-50 

162 980-60 

Sp. Act. 
of Bum- % 

Grown Cells Change 
f 

+ 
678-27 - 
685-18 + 1  

716-42 + 5) 
f 1+3.2* 

* Pooled means change in TdR-grown cells differs significantly from that 
of BUdR-grown cells; t(18a.f.)m3.06; p - (0.01 



CAPTIONS 

Figure 1. Dose-response of HeLa S3 DNA synthesis to X-radiation. A 

composite of 14 experiments, using H 3 TdR of various specific activities. 

Each point is average of either two, three, or four individual deter- 

minations. 

on tritium counts per minute per microgram DNA. 

Data plotted as per cent of sham-irradiated controls, based 

Figure 2. Dose-response of DFAF-33 DNA synthesis to X-radiation, 

illustrating variation in participation of steep component. 

Figure 3. Effect of bromuracil deoxyriboside (BUdR) on dose-response 

of HeLa S3 DNA synthesis to X-radiation. 

of 5pg/ml BUdR, controls in presence of 4pg/ml thymidine (TdR), for 48 

hours prior to irradiation. 

activity of TdR grown control. 

BUdR cultures grown in presence 

All data plotted relative to specific 
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